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THE INFLUENCE OF LATERAL STABILITY ON DISTURBED MOTIONS OF AN 
AIRPLANE WITH SPECIAL REFERENCE TO THE 
MOTIONS PRODUCED BY GUSTS 

By Robert T. Jokes 



SUMMARY 

Disturbed lateral motions Race been calculated for a 
hypothetical small airplane with various modifications of 
fin area and dihedral setting. Special combinations of 
disturbing factors to simulate gusts are considered and 
the influence of lateral stability on the motions is discussed. 

The modifications of the airplane include changes of 
dihedral from 0° to 10° and changes of the weathercock 
stability from zero to C^=0JS7 (fhe equivalent of a fin 
as large as 10 percent of the wing area). The positions of 
the modified airplanes on the lateral-stability charts are 
shown. 

Fin area and wing dihedral were found to be of primary 
importance in side gusts. It was found that the rolling 
action of the wing with as much as 6° dihedral was dis- 
tinctly unfavorable, especially when the weathercock star 
biliiy was small. If is pointed out that the greatest sus- 
ceptibility to lateral disturbances lies in the inherent 
damping and coupling moments developed by the wing. 

INTRODUCTION 

Inherent stability, as defined in mathematical treat- 
ment, must be considered only one of several essential 
flying qualities of an airplane. Other important qual- 
ities belonging in this category are steadiness in rough 
air and responsiveness to control. Although the 
different flying qualities depend largely on the same 
governing factors, they may not call for similar pro- 
portionings of the factors. It is known, for instance, 
that the requirements for stability and control may 
conflict. 

What is ultimately desired, or course, is a definite 
understanding of the individual requirements for sta- 
bility, control, and steadiness in rough air. Most of 
the earlier work has been devoted primarily to the study 
of stability alone. A noteworthy early work on the 
effects of gusts is that of Wilson (reference 1). More 
recently the results of an investigation dealing with the 
effects of different degrees of stability on the motions 
following assumed initial conditions have been pub- 
lished (reference 2). The purpose of the present work 
is to study the amplitudes of the motions set up by 
gusts or other disturbances, particularly insofar as these 
motions are affected by the lateral-stability character- 
istics. It is hoped that the study will be useful in 



indicating combinations of stability characteristics 
that result in good riding qualities. 

The mathematical treatment employed is, in prin- 
ciple, an extension of that used by Wilson and other 
early writers. The methods of calculation are, however, 
more concise and the development is not restricted to 
special types of gust. The operational method of 
resolving the effects of disturbances was used. (See 
reference 3.) 

According to the theory, the motion caused by any 
random variation or sequence of the disturbing factors 
may be built up by superposing the effects of abrupt 
unit increases of the disturbance, which corresponds, in 
the case of gusts, to the effects of elementary sharp-edge 
cross-currents. Thus the effects of random gusts can be 
largely visualized in the effect of a unit sharp-edge gust. 

STABILITY FACTORS ASSUMED 

The chief differences of lateral stability considered 
were assumed to be brought about by changing the fin 
area and dihedral of a hypothetical small monoplane. 
Differences in other proportions of most airplanes of 
conventional form have only secondary effects (in 
unstalled flight) and, furthermore, are not usually dic- 
tated by considerations of stability. The exact arrange- 
ment of the hypothetical airplane, such as the vertical 
disposition of the wing with respect to the fuselage, 
may be taken as indefinite. Differences of arrange- 
ment can, of course, have large secondary influences on 
the action of the fin or dihedral, which are usually 
attributed to aerodynamic interference. It is reason- 
able to assume that the effects of such interference will 
be similar to the effects of actual changes in the size 
of the fin or the amount of dihedral. 

The airplane assumed in the calculations is a small 
1,600-pound monoplane having rectangular wings with 
rounded tips. The other proportions, including the 
radii of gyration about various axes, the tail length, etc., 
are based on average values of these quantities for a 
number of conventional machines. The stability deriv- 
atives and other characteristics of the airplane are 
essentially the same as those used in reference 4, except 
for the differences of fin area and dihedral, and apply to 
power-off flight. The axes and symbols employed 
throughout are given in detail in reference 4. Addi- 
tional symbols that occur in this report are given in the 
following list: 
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„ bO, 



X, Y, and Z, axes fixed in the airplane so that X 
points into the relative wind in steady flight. (See 
report cover.) 

U 0 , steady-flight velocity. 

j9=tan" 1 v/Uo. 

Derivatives (see report cover for formulation of 
coefficients): 

bC 

^ r fi~~bft' ^ e * orce ^ ue *° ^eslip. 
bC 

Gip—-^ l > rolling moment due to sideslip. 
bC 

^*t = ~bj}' y aw " 1 S moment due to sideslip. 
bC 

<?;„=— —j- > rolling moment due to rolling. 



' yawing moment due to rolling. 



J 2o, 
bC 



> rolling moment due to yawing. 



°2Uo 



; yawing moment due to yawing. 



Wo 



r 1 bL 



bN 

w 

It was found convenient to designate the five cases 
of modification by symbols representing the different 
front views of the airplane. Table I gives the stability 
coefficients assumed in each case for flight at three 
different lift coefficients. 



TABLE I. — ASSUMED STABILITY COEFFICIENTS 
(», » ft.; m, 49 doer, 8, 171 sq. ft; ki, (UK*, kg, 0.183*) 



Cos 


Btttoof 
vertical 
fin are* to 

▼tag OK* 


Dfhadrtl 
angle 
(<tag.) 


a 










"4 


C 


ft, 


"» 






0.04 


8.0 


ass 


ua 0 


-0.495 . 


a 088 


-0.087 


-a 033 


—0.076 






-a 826 




LOO 


88.8 


-.430 


.180 


-.088 


-.088 
-.074 


-.091 






-.888 








1.80 


88.0 


-.m 


.443 


-.130 


-.198 




.OH 


-.771 




.08 


6.0 


.88 


180.0 


-.438 


.088 


-.087 


-.022 


-.087 




-.874 




LOO 


88.8 


-.430 


.380 
.443 


-,088 


-.066 


-.108 




.067 


-.410 








L80 


08.0 


-.411 


-.130 


-.074 


-.220 




.036 


-.801 




.18 


8.0 


.88 


180.0 


-.438 


.098 


-.087 


-.023 


-.180 




.102 


-.878 




LOO 


88.8 


-.410 


.180 


-.088 


-.036 


-.148 




.108 


-.464 








L80 


86.0 


-.441 


.442 


-.130 


-.074 


-.348 




.137 


-.930 




.08 


0 


.88 


uao 


-.418 


.088 


0 


-.032 
-.066 


-.097 




.084 


-.374 






LOO 


88.8 


-.410 


.360 


0 


-.108 




.087 


-.410 


i 






L80 


88.0 


-.443 


.442 


0 


-.074 


-.220 




.088 


—.808 




.08 


1 iao 


.88 


lsao 


-.438 


.086 


—.187 


-.033 


-.097 




.084 


—.274 






LOO 


88.6 


—.430 


.280 
.443 


-.177 


-.06* 


-.109 




.067 


—.410 








L80 


08.0 


-.441 


-.280 


-.074 


-.290 




.058 


-.80S 



These coefficients were estimated from the outward 
characteristics of the airplane by methods described in 
reference 4. The derivatives C^, C^, and C Tf (corre- 
sponding to the yawing moments in sideslip and in 
yawing and to the side force in sideslip) were assumed 
to be affected by the changes of fin area. Only the 
derivative (corresponding to the rolling moment" in 
sideslip) was assumed to be affected by changes of 
dihedral. The effect of dihedral on the lateral force in 
sideslip was neglected inasmuch as it was found that a 
compensating error was introduced by the absence of 
the side force due to rolling in the equations of motion. 
Another omission is the small adverse effect of dihedral 
angle on the weathercock-stability factor O^. This 
effect is small, particularly in view of the wide varia- 
tion of C nf assumed. At a lift coefficient of 1.8, repre- 
senting low-speed flight, a full-span flap was assumed. 
Tests show that the effect of such. a flap is to increase 
the weathercock-stability factor somewhat for the wing 
alone. In practice, the flap might interfere with the 



air flow over the fin so that the increase of C nf assumed 
in this condition would not be realized. 

Figure 1 shows the positions of the modified airplanes 
on the lateral-stability diagrams. These diagrams arc 
essentially similar to those given in reference 5 except 
that a simultaneous increase of C Hr with C H was assumed 
to show directly the effect of increasing the fin area. 

The value recommended by Diehl (reference 0) for 
C, f works out to about 0.03 for the wing loading 
assumed here, limits mentioned by Millikau (refer- 
ence 7) correspond to 0.08>C B# >0.05. Nearly all 
designers are familiar with the limits of LJN, for satis- 
factory lateral stability given by Korvin-Kroukovsky 
(reference 8). Figure 1 (a) shows these limits in tonus 



of Cif and 



It _ shouId be mentioned that Korvin- 



Kroukovsky 's formulas are more suited to the empirical- 
statistical analysis in which they were employed than 
to the determination of absolute values of C*p!C lt for 
this stability chart. In most cases, wind-tunnel tests 
show values of C mp smaller than those predicted so that 
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the specified range, if given in wind-tunnel values, 
would probably fall somewhat lower than indicated in 
figure 1. 

The value (7^=0 does not, of course, correspond to 
an airplane with, no vertical tail surface. Exp erien ce 
has shown that the unstable yawing moment of a large 
well-streamlined fuselage may entirely offset the stabi- 
lizing action of a fair-size fin. This occurrence is natu- 
rally more probable if the fin area is originally small; 
hence the smallest area likely to be used in a modern 
design (4 percent of the wing area) was chosen to repre- 
sent the condition. 

It is, in general, difficult to predict the values of 
either C H or for a given design. It will be realized 
that the corresponding values of fin area and dihedral, as 
referred to in this report, apply only under certain 
idealized conditions and are employed primarily as a 
matter of convenience in fixing ideas on the problem. 
Reference 0 gives a summary of test values of C Kf , 
including a discussion of pertinent factors and drawings 
of the models tested. The data included in that paper 
should aid the designer in judging the weathercock 
stability. 

INFLUENCE OF LATERAL STABILITY ON MOTIONS DUE 
TO ARBITRARY DISTURBANCES 

GENERAL DESCRIPTION OP LATERAL MOTIONS 

The equations of lateral stability generally show two 
real roots together with one conjugate complex pair, 
indicating three "modes" of motion. Different disturb- 
ances will result in motions compounded of these 
three modes in different proportions. 

Table II lists the roots, or stability indices, for the 
various cases considered. The first mode (correspond- 
ing to the joot Xi), represents primarily the heavy damp- 
ing of any movement involving rolling of the wings rela- 
tive to the air. At normal flight speeds, this damping 
is such that the wings are in a large measure con- 
strained against such relative movement normal to 
their chords. 



TABLE II. — STABILITY INDICES. RATES OF DAMPING, AND PERIODS 



Cm 



0.U 

LO 

1.8 

.11 
LO 
L8 

.SB 
LO 
L8 

.86 

LO 
L8 

.as 

LO 
L8 



—8.477 



-1838 
-8. 47! 
-1380 
-2.633 
-8.468 
-8.294 
-3.670 
-8.888 
—1.070 
-8.330 
-8.878 
-8.430 
-3.872 



aue 

.313 
.378 
.138 
.310 
.383 
.136 
.309 
.388 
.138 
.388 
.287 
.124 
.199 
.310 



-0.4190 
-.3774 
—.9080 
-.0070 
.0815 



.0818 
.1847 
.0420 
.1770 
.3900 
-.0804 
-.0184 

—.mis 



GUNS or 
-OJOi) 



<L01B 
'3.11 
' LIS 
18.0 
LOT 
LSS 

LIS 
.706 
1X7 
.887 
.823 
2.08 
8.71 
LOOS 



-0.1720 
-.1X88 
—.1704 
-.498 
—.8887 



-.4797 
-.8071 

-.sn 

-.829 
-.708 
-.421 

-.8218 



-0J0 



4.01 
4. OS 
8.88 
L89 
1.90 
L11S 
L0I 
L44 
L14 
L1I 
LS0 
.868 
LSS 
3.94 
2.14 



0.708 
.8241 
.8853 
148 
L678 
LS4S 
8.08 
1011 
L839 
1« 
L6I9 
L418 
188 
L826 
LS97 



26 

M 



122 

L907 
L8S 
.641 
.987 
L02 
.618 
.780 
.888 
.668 
LOU 
L1I0 
.816 



« Th» Yslae — 0l69/X mraanti time to dbntnlih by J*. 

> tjfff __n Tfuyvjai? Hm. tn iHmlnhh hy 1/in whmSi finmttrtt ma OJBJSftt tar that to tnaeta br 1/10 whan U b positive. 
• Quarter period. 

1 For fhki cut, -OJB/Xtbu been assd. 
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The second mode distinguishable in the lateral 
motions (corresponding to X*) is a practically contin- 
uous turning motion, which, may either converge or 
diverge. Normal stability of this mode represents the 
slow natural recovery from a banked turn. The rate 
of increase or decrease of the turning motion is slow, 
primarily on account of the in sensitiveness of the air- 
plane to displacement in bank and the strong resistance 
to rolling motion. The slow spiral always occurs with 
inward sideslip. 

The third mode (X 8 ) is the familiar oscillation, con- 
sisting usually of a yawing and sideslipping motion. 
Such rolling as occurs in the oscillation is determined 
by the tendency of the wings to follow a path outlined 
by the dihedral in front view. The wing, when side- 
slipping, tends strongly to roll in a way involving the 
least angle-of-attack change along the span. Thus the 
oscillations involve a "weathercock" motion combined 
with a rolling nearly in phase with the sideslip. 

With fairly large fin area, the oscillations are rapid 
and are quickly damped. Under most conditions the 
amplitude is small. As the fin area is reduced, how- 
ever, the period becomes slower and, with normal 
dihedral, the oscillation takes on the character of a 
swinging in bank and sideslip under the action of 
gravity. The point of instability is reached when the 
oscillation degenerates to an almost pure rolling and 
sideslipping motion, so that the damping derivative in 
yawing, Cn r , has - little effect on the occurrence of 
undamped oscillations. As has been shown (reference 
4), unstable oscillations can readily occur if the airplane 
is constrained in yawing. 

Although both the oscillation and the alow mode of 
convergence are largely governed by the fin area and 
the dihedral, the rapid convergence Xi is practically 
independent of either of these factors. The damping 
comes, of course, from the wings and is an inherent 
characteristic of conventional airplanes. This damp- 
ing is excessive and is undesirable, since it indicates 
great sensitiveness, to rolling gusts or to vertical gusts 
with a gradient along the wing span. The damping of 
rolling can be reduced by increasing the lateral moment 
of inertia, but the possible improvement appears to be 
small. 

CALCULATED MOTIONS 

The equations of motion of the airplane form a linear 
system so that the effects of disturbances can be com- 
pounded by addition. Thus, if any sequence of appli- 
cation of forces or couples to the airplane is given, it is 
possible to compute the resultant theoretical motion at 
any instant by addition, or integration, of separate 
effects. The impressed forces or couples may be due 
to control manipulation or to gusts, alone or in com- 
bination. 

The foregoing statement refers to a resolution of the 
impressed disturbances along the axes fixed in the air- 
plane. The disturbances are assumed to take on pre- 
assigned values independent of the movements of the 



airplane. With conventional control devices, the dis- 
turbances do remain practically independent of the 
motions. The orientation of the gusts is not dependent 
on the motion of the airplane, and deviations caused by 
such outside disturbances will introduce changes in the 
magnitudes of the disturbing factors themselves. For 
small displacements, these changes are of second order 
and axe negligible. For large displacements in gusts it 
may, however, be necessary to carry out the calculation 
in several steps, altering the magnitude of the disturb- 
ance as the orientation of the relative wind changes. 

The data needed for the computation of motion under 
any given set of conditions are the histories of motions 
following sudden unit disturbances. Computations of 
such unit motions were made during the course of the 
investigation reported herein and the results were used 
as the basis for the more complete calculations given 
later. 

Specifically, the unit disturbance referred to is a 
force (F) or a couple (L or N) having the value zero 
up to the time f=0 and maintaining a constant value 
thereafter. The magnitude is such as to cause a 
unit linear or angular acceleration of the airplane. 
According to well-known mathematical rules, the 
motions under such conditions are given by equations 
of the form 

pi®=Pn+PYi6 x * t +p,** , +p n f t cos b(t+t,y) (1) 

where pro, Pn, and t pT are constants, calculated values 
of which are given in table III, and Xi, X», a-fti, and 
a—ib are the roots, or stability indices. (Soo table 
IL) Three components of motion for each of three 
component disturbances are given. Thus, p Y (t) denotes 
the rolling velocity due to a unit side disturbance 
and r L (t) denotes the yawing velocity due to a unit 
rolling disturbance. 
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Frauxs 2.— Example showing dm of dttt given in table III for plotting motions. 

"Slots of these equations were made with scarcely 
any additional computation. The procedure is illus- 
trated by figure 2. First the coefficients, as given in 



TABLE /III. — EQUATIONS OF MOTION FOR UNIT DISTURBANCES 
]f id) -iu+fii^iHt u«m+«*" «m MH-l uJ ; etc] 



BtdMlIp 



BnlUni 



Yawing 



Com 



t-Doi lo tldi dlitwbanot 



0.88 

1.0 

1.8 

.36 
1.0 
1.8 

.SB 
1.0 
LB 

,36 
liO 

is 
.u 

1.0 
1.8 



.1371 



-a 0041 
—.com 

-.067 
—,0088 

-,oai 

-,061 

-,0087 

-.0100 

-,048 

-.0006 

-.0087 

-.044 



-.067 



0.6685 
,5668 
.6517 
,1«» 
.374 
,446 

o„„ 

.3860 

.343 

.1687 

.8610 

.480 

.1308 

,3080 

.830 



n 



-L8B90 
-L84U 
-1,410 
-.8080 
-.683 
-.666 
-.8810 
-.4870 
-.460 
-.4300 
-.6040 



-.6080 
-.687 



1.786 
1.413 
1.880 
.600 
.063 
.818 
.801 
.687 
.470 
,408 
.680 
.403 
.487 
.860 
,613 



0 
0 
0 
0 
0 
0 

-.00016 
0 
0 
0 
0 
0 
0 
0 
0 



-0.00178 
-.00874 
-.00068 
-.00171 
-.00414 
-.00784 
-.00188 
-.00488 
—.00770 
—.011036 
-.00168 
-.00486 



-0. 00688 
-,00408 
-.00407 
-.00031 
.00160 
.001603 

0 

.00334 
.00838 
,00138 
,00480 
,00680 
-.00143 
-.00044 



0.01888 
,01088 
.03300 
.00888 
.00804 
.0131 
.00833 
.00808 
,0110 
-.00184 
-.00881 
-.0106 
,00748 
.01336 
.01766 



1.000 
1.830 
1.3S6 
.418 
.743 

:S§ 

.630 
,830 
-.803 
-.841 
-.008 
.401 
.667 
,CU 



.00886 



—0.00007 
-.00041 
-.00118 
—.00006 
—.00080 
—.00060 
-.00040 
-.00033 
-.00087 
-.00001 
-.00010 
-.00086 
-.00010 
-.00041 
—.00076 



0.00880 
.00606 
.00777 
,00681 
.00878 
.00076 

0 

.00008 
.00070 
,00036 
.00864 
.00788 
,00807 
.00848 
.00008 



-a 00880 
—.00686 
—.00668 
-.00680 
—.00888 
-.0103 
-.00018 
-.00080 
-.0108 
-.00666 



— , 00000 
-.00834 
— ■ 00063 



ft 384 
-.080 
.188 
-.088 
-. 178 
-.207 
-.070 
-.166 
-.388 
-.110 
-.381 
-,603 
-.060 
-.116 
-.140 



b— Dm to rental dtotorbeiwe 



ft 



u 



u 



u 



0.88 

1.0 

LB 

.86 
LO 
1.8 

.86 
LO 
L8 

.16 
LO 
L8 

.86 
LO 
L8 



18.490 
38.800 
SLOBS 
111008 
—33.808 
-66. 3» 
W3 
-SL747 
-34. 006 
-33,138 
-18,716 
-16.878 
16.608 
80.480 
83,403 



-0.401 
-L7868 
-8. 483 

—.888 
-L4006 
-3, 230 

-.314 
-L3603 
- 1.873 

-,8870 
-L8440 
-8,486 

-.111 
-L1340 
-1,811 



3.0B6 
3,2398 
6.886 
-113.670 
87.8 
70.087 
,7891 
34.768 
38,042 
33,738 
18.444 
18,276 
-14,081 
-86,006 
-27,840 



-33,086 

-26.316 
-LOW 
-8.98 
-7.840 
-L188 
-8.0801 
-4.068 
-LO09 
-7,4001 
8. 731 
-1,687 
—4,700 
-8.801 



-ft 410 
-.480 
-.698 
-.866 
-.668 
-.874 
-.836 
-.660 
-.784 
-.883 
—.771 
.081 

-8.066 
-.410 
-.612 



0 
0 
0 
0 
0 
0 

.1713 

0 
0 
0 
0 
0 
0 
0 
0 



-0,17603 
—.3787 
-.8141 
-.1780 
-.3711 
-.8007 
-.1783 
-,87M 
—.3370 
-.18613 
-.3350 
—.8811 
-.16874 

-'.2871 



-0. 03768 
-.HUB 
-.0481 
.1660 
.3186 
.3388 

0 

.S89B 

,2614 

,17016 

,9831 

.3478 

.15318 

,1810 

,1004 



0.33000 
.8888 
.4188 
.0106 
.0848 
.1677 
.0106 
.0006 
.1184 
,00700 
.0720 
.1730 



,1143 
.1006 



-0.653 
-.601 
-.038 
-.807 
-.400 
-.706 
-,860 
-.466 
—.688 
.074 
,038 
-.414 
-,433 
-.840 
-.715 



0 
0 
0 

4,683 
-1.344 
-LOW 
-.01366 
-L0078 
-,8484 
-.0088 
-.5906 
-,4000 
.8860 
1.486 
.7016 



-a 0074 
-.08090 
-.0676 
-,0060 
-.010 
-.0348 



-.0143 

-.0143 

-.00680 

-.0223 
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table III, were marked off on the ordinate scale. The 
time intervals within which the various modes diminish 
or increase by one-half, or by one-tenth in the case of 
Xj (see table II), were then spaced off on the abscissa 
and points on the curves were found by diminishing 
or increasing the ordinates successively as indicated 
by the sign of the root. The oscillatory mode was 
obtained by drawing in the envelope (given by ^Prt, 
say) and spacing off the quarter periods, beginning at 
the point indicated by the phase angle of this mode. 
The cosine curve was then simply sketched in as shown. 
The final curves were found to give remarkably good 
checks when applied in the original differential equa- 
tions of motion. Such a check shows the correctness 
of both the method of plotting and the analytical 
solutions (equation (1) and table III). 

If the impressed disturbance is given as a function 
of * by a curve, it will usually be sufficient to approxi- 
mate this curve by the addition of a number of succes- 
sive positive and negative steps. The combination of 
steps necessary to reproduce the disturbance leads 
directly to the addition of the elementary motions for 
the resultant motion. Otherwise, for example, if the 
variation of disturbance is given by X(0, then the re- 
sultant motion p(t) at any time t due to L(t) beginning 
at t=0 may be found by Duhamel's theorem, thus 

tut U forfait* f«ll<»# ■««»( 

+ Rprf-h) L' ft) eft, (2) 

where p L (f) and pt(f— *0 are obtained from table IIL 
An explanation and a graphical method for evaluation 
of such integrals are given in reference 3. 

MOTIONS IN SIDE GUSTS 

The motion caused by a unit increment of gust 
velocity is found by compounding elementary distur- 
bances in such a way as to simulate the disturbing action 
of the gust. Thus, in a side gust of velocity ««, the dis- 
turbing acceleration along Y will be t^Y, and angular 
disturbances will be v^L,, t^V,. 

As explained before, the effects of any usual variation 
of gustiness can be largely foretold from the effect of a 
unit sharp-edge gust. The variable gust can be built 
up from small increment jumps of gust velocity corre- 
sponding to sharp-edge cross-currents and the final 
motion will approach that obtained by superposing the 
motions due to the individual elements. 

The effect of a sharp gust from the aide is similar to, 
although not exactly the same as, the effect of an initial 
angle of sideslip. For the side gust, it is necessary to 
take account of the period of penetration of the airplane 
into the current. The first effect will be to push the 
nose of the airplane downwind whereas an instant later 
the current will strike the fin, turning the machine into 
the gust. The action of dihedral in causing the ma- 
chine to roll away from the gust will also occur before 
the fin is affected. These effects are, however, of short 



duration and do not alter the motion to any great extent 
after the first fraction of a second, except in cases of 
small weathercock stability where the fuselage con- 
tributes a large unstable yawing moment. 

The computations that follow are based on the as- 
sumption that tlie rolling action of the gust begins at 
f=0 and that the yawing action begins when the air- 
plane has traveled far enough to carry the fin into the 
current. The case of C v =0 was treated by assuming 
a yawing couple equal and opposite to that of the 4-por- 
cent fin applied when f=0, this couple being neutral- 
ized at the instant the fin entered the gust. 

A possible further refinement of the calculations 
would involve the delay in building up the full lift forces 
on the various surfaces. Mathematical mothods for 
dealing with various lags or rates of growth of the aero- 
dynamic reactions have been developed, but their 
description is beyond the intended scope of the present 
report. It may be said, however, that, for motions as 
slow as the natural oscillations of a rigid airplnno, this 
effect (judging by the theoretical predictions) is quite 
negligible. 

Figure 3 illustrates the results of the calculations 
based on a 10-foot-per-second sharp-edge side gust. 
The curves shown are for flight at C L =l.Q but the 
same general trends appeared in the calculations made 
for other lift coefficients. 

The most noteworthy difference shown is the effect 
of deficiency of fin area on the banking motion (figs. 3 
(a) and 3 (b)). The airplane with 10° dihedral and 
average fin was not displaced so much in bank by the 
side guBt as was the airplane with 5° dihedral and a 
small fin. The initial rate of rolling, however, was 
greater with the greater dihedral. 

With a given dihedral an increase of fin area cuts 
down the banking motion although, after a certain 
size is reached, the gain becomes slight, as is illustrated 
by figure 3 (a). With neutral weathercock stability 
(fig. 3 (c)) the change of heading on entering the gust 
is at first small and, although the motion is stable, tho 
oscillation in azimuth seems to be reinforced for a 
time by the rolling. This action is to bo attributed to 
the phase lag between the rolling and the yawing effects 
upon penetrating the sharp-edge current. It seems 
probable that an appearance of inherent instability 
may be reached at a point considerably above tho 
mathematical limit for undamped oscillations. (See 
fig. 1.) It is known, for instance, that unstable oscil- 
lations may result from an attempt to hold the wings 
level with ordinary ailerons unless has a definite 
positive value. 

The side gust is equivalent to a sudden sLifl in the 
wind direction, corresponding to a change in azimuth 
}fr Q as indicated in figure 3 (c). The normal airplane 
swings about and tends to approach this heading. It 
will be noted that the airplane with the large fin turns 
fahiy sharply into the wind and, since the banking 
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la) B inking. ie) Azimuth. 

(b) Rolling motion. id) Yawing motion. 

It) Sideslip vdodty. 
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motion is small, tends to keep the same flight path 
relative to the earth for a short time. After about 6 
seconds, however, the spiral divergence begins to be 
apparent and the motion finally results in turning 
downwind. 

An example of extreme spiral divergence is illustrated 
by the airplane with no dihedral. In this case, how- 
ever, the airplane banks and turns directly upwind. 
The airplane with large dihedral illustrates the oppo- 
site condition and shows the predominance of oscilla- 
tions that generally characterizes the effect of dihedral. 
Here the airplane tends back toward its original azi- 
muth heading, drifting sidewise with the gust. 

The airplane with 5° dihedral banked rather sharply 
away from the gust, whereas the airplane with zero 
dihedral showed an undesirable tendency to bank and 
slide into the gust. It was therefore a matter of 
interest to try some modifications lying in between 
these two conditions. . It was realized that the rolling 
could not be entirely suppressed by such modifications 
on account of the phase relationships involved in the 
motions. 

It appeared that 1° or 2° of effective dihedral would 
give about the least banking motion in the side gust 
and hence this condition was: investigated. Inasmuch 
as the airplane might have shown a noticeable spiral 
divergence at low speeds with the normal fin area, this 
area was arbitrarily reduced, bringing the weathercock- 
stability factor C,u down in about the same proportion 
as the dihedral factor C^. The values selected were 
C Btf =0.025 and 0^=— 0.035, which corresponds to 
2° effective dihedral. The position of this airplane on 
the lateral-stability chart is .denoted by the point A 
in figure 1 (b). 

The results for airplane A are compared with the 
others in figures 3 (a) and 3 (b). It will be noted that 
the bank is somewhat smaller than in the case with 6° 
dihedral and a large fin but that the bank persists for a 
longer time. The difference made by the change from 
5° dihedral to 2° seems surprisingly small. A some- 
what greater difference would be expected if the fin 
had not been reduced. It should be borne in mind 
that the yawing disturbance is reduced by cutting down 
the fin. 

The curve for airplane B (fig. 3 (a)) shows the result 
of attempting to secure spiral stability (at C L =1.0) 
by cutting down the fin of the airplane with 5° dihedral. 
(Note that airplane A is slightly unstable.) The value 
of O nfi in this case is about half that assumed for the 
mean condition. (See fig. 1 (b).) The banking dis- 
placement seems undesirably large (comparatively) in 
this case. 

OTHER TYPES OF GUST 

The flight velocity of the airplane being normally 
large with respect to gust velocities, it is permissible to 
consider the gusts as being stationary in time with 
respect to the flight path. Thus the gusts are con- 



sidered to exist as a fixed pattern in the air ahead of the 
airplane and not to vary in time within the short space 
required for the machine to travel its own length. 

As mentioned before, when the airplane enters a 
cross-current in level flight, a gradient of sidewise 
velocity along the length of the fuselago will exist. 
The effect of this gradient is similar to the effect of a 
relative yawing motion superposed on the side velocity. 
For a uniform gradient the additional yawing moment 
would be (—dvJdxiXNr- The calculations involved 
this factor by virtue of the time lag assumed in applica- 
tion of the yawing moment due to the fin, and upon 
this basis they should be applicable to any reasonable 
variation or gradient of sidewise velocity. 

A somewhat different situation arises when tho air- 
plane is climbing or descending through a cross wind 
that varies with height, as, for instance, when descend- 
ing through the earth boundary layer for a cross-wind 
landing, for then no perceptible gradient of sidewise 
velocity along the length of the airplane will exist. 
The motions that arise hi these cases can be compounded 
by integration from the motion following an initial 
angle of sideslip. This motion is not greatly different 
from that caused by entering a sharp cross-current and 
the same general conclusions will apply. 

It appears that a true yawing gust, consisting of pure 
angular relative motion of the air, could act only 
momentarily on the airplane. The sidewise velocity 
would predominate after the first two- or throe-tenths 
of a second with the airplane flying at normal speed. 
Gradients of velocity along the wing span, however, 
might persist for longer periods. 

Away from the ground influence, gradients of for- 
ward velocity and of vertical velocity along tho wing 
span must be considered as being about equally prob- 
able. At normal flight speeds, tho vertical gradients 
produce by far the greater effects. As was mentioned 
before, the damping of relative rolling motion is such 
that the airplane very quiokly takes on tho angular 
velocity of the gust gradient. 

Figure 4 shows the rolling motion calculated for tho 
medium airplane (5° dihedral and G percent fin) in a 
momentary rolling gust jJo*/2 #0=0.05. It will bo 
noted that the airplane takes on approximately half 
the rolling velocity of the gust within one-fifth second. 

As might be expected, observations have shown that 
vertical currents tend to diminish near fiat ground. 
Thus side gusts and yawing gradients are moro likely to 
affect the airplane while it is landing and taking off. At 
very low speeds with flaps down, tho rolling derivative 
due to yawing becomes as great as that duo to rolling 
(see table I) so that in this condition the airplane is 
affected as much by spanwise gradients of longitudinal 
velocity as it would be by the rolling gradients. (Note 
also that the effect of the rolling gradients is less at 
low speed.) 

Figure 5 shows the banking reactions of tho various 
airplanes in a sudden, persistent y a whig-gradient gust. 



INFLUENCE OF LATERAL STABILITY ON 















/ 
























— / 








(_ 






v. 






































p 



















































































































































































































































0 / 2 3 4 5 6 

7V)77ff, sec 

FlOVU TrptaJ rolling motion earned by a Hidden rolling gradient 
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Fiouu 8.— Bank earned by a yawing gradient along the wing rpan. 



n-fi&s t. p. a. 

The gust assumed corresponded to a difference of longi- 
tudinal velocity between the two wing tips of about 9 
feet per second (roJ/2Z7 0 =0.05). All the examples 
show roughly the same banking tendency within the 
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first second, since the disturbing factors (rolling 
moments due to yawing Telocity) are the same in all 
cases. The subsequent motions show the influence of 
different degrees of spiral stability and instability. 

The primary disturbing factor in the yawing-gradient 
gust being proportional to the derivative L r (rolling 
moment due to yawing), the greatest room for improve- 
ment would be to reduce this derivative. Taper and 
washout (such as are attained with a partial-span flap) 
are beneficial in this respect. It is estimated that L T 
might have been reduced by one-third of the given 
value (see table I) at C L =\J& if a 50-percent-span flap 
had been assumed. The effect of plan form is not so 
pronounced, leading to a reduction of one-sixth for a 
4:1 taper. 

In general, a reduction of the rolling moment due to 
yawing seems desirable from considerations of lateral 
stability. The magnitude of this derivative with con- 
trols fixed is, like that due to rolling, primarily a con- 
sequence of the general lay-out of the airplane and is 
not dictated by considerations of stability. It appears, 
however, that the magnitude of L, with, controls free 
(or loosely held) could be reduced or reversed by mak- 
ing use of an appropriate combination of ailerons with 
increased upward pressure (attained by cambering the 
ailerons) and a differential linkage, as described in 
reference 10. An appropriate linkage would eliminate 
the necessity of applying contrary aileron pressure 
during steady turns and would also eliminate the spiral 
instability with controls free. 

CONCLUDING REMARKS 

A study of the effects of gusts gives different indica- 
tions depending on the interval of time considered. 
During the first stages, the upsetting movements of the 
stable airplane may be more severe than those of a 
slightly unstable one. If the airplane is under control 
and if the gusts are of noticeable magnitude, then the 
motion during the first 2 or 3 seconds is of primary 
concern. For uncontrolled flight or for flight in rela- 
tively calm air where disturbances could become ap- 
parent only through introducing a divergence, the later 
stages of the motion are of interest. 

la a consideration of the early stages of the motion, 
it is evident that the requirements of fin area and 
dihedral for spiral stability at low speed conflict some- 
what with the requirements for steadiness in side gusts. 
H spiral instability is present, the rates of divergence 
introduced by various disturbances appear to be small 
as long as there is a moderate dihedral action present. 
The condition of zero (effective) dihedral leads, how- 
ever, to definitely undesirable rates of divergence. 

If average weathercock stability (C\ fl =0.05 to 0.07} 
is assumed, the optimum magnitude of the rolling de- 
rivative due to sideslip for steadiness in side gusts 
appears to be about 0^=— 0.01 to —0.04, correspond- 
ing to an effective dihedral of 1° or 2°. Spiral stability 
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throughout the flight range could be secured with this 
dihedral by cutting down the fin effect. The latter 
change would lead to somewhat greater banking dis- 
placements in the gusts and would also be detrimental 
to aileron control, unless such control were obtained 
without adverse yawing moments. 

The damping of rolling is such that the airplane very 
quickly takes on any rolling component of gust velocity. 
The usual modifications of the lateral-stability factors 
have but little influence on the immediate effects of the 
rolling gust. An automatic device, acting so as to cut 
down the damping of rolling (relative to the air), 
should be advantageous, from considerations of riding 
comfort. 

The effects of longitudinal gradients of gust velocity 
become fairly large at low flight speeds. Noticeable 
improvement can be obtained by the use of partial- 
span flaps or by otherwise concentrating the lift toward 
the center of the wing, but this conclusion applies, of 
course, only as long as no portion of the wing is brought 
near the stalling point. 



Langley Memorial Aeronautical Laboratory, 
National Advisory Committee tor Aeronautics, 
Langlbt Field, Va., June 8, 1988. 
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